Introduction
In the last two decades, biochemical genetic disorders of metabolism are of great importance due to improved molecular genetic analysis and biochemical testing. Other reason for emphasis on genetic disorders is due to more admission of children at Pediatric Ward. Presently, children deaths due to infectious diseases are reduced to great extent at Indian scenario. We established the relative frequencies of various genetic disorders at PGIMER, Chandigarh. Cystic fibrosis was found with 7.56 frequency [1] . Notwithstanding, CF is a common autosomal recessive disorder usually found in population of White Caucasian descent, such as those of Europe, North America and Australia. CF like other genetic disorders has geographical variation in the epidemiology, clinical presentation and course. Before seventies, CF was considered as non existent in India. First case of CF disease was reported in 1968 from PGIMER, Chandigarh [2] . Later, suggested incidence of cystic fibrosis (CF) in Asian migrants (Indians and Pakistanis) in the United Kingdom was reported about 1 in 10,800 to 12,000 [3, 4] . Nevertheless, there have been many publications describing diverse and unique manifestations of the disease in Indian population. The present review is intended to provide a point of reference at national organization and to help them in planning, diagnostic and genetic analysis for affected patients and their families. Since a better awareness of CF and the increasing availability diagnostic tests-the sweat chloride and/or DNA tests frequently leads to the identification of a higher number of affected individuals. celiac disease. Farber in 1945 [6] recognized the implication of sticky mucus in manifestation of symptoms, and termed as mucoviscidosis. Acute salt loss caused by excessive sweating in babies with CF during heat waves was demonstrated by Di Sant'Agnese in 1953 [7] . Subsequently, Pilocarpine ionotophoresis method was developed for sweat collection and Chloride measurement. Altered electrical properties with abnormalities of both sodium and chloride transport was described by Knowles et al. [8] . CF gene was mapped to a small segment of long arm of chromosome 7q using restriction fragment length polymorphism. Linkage disequilibrium was observed between the markers XV2C/ KM19 [9] and cystic fibrosis [10] . Later CF gene was cloned and C-DNA sequence was documented [11] .
Prevalence and Clinical Manifestations of CF Disease
The estimated gene frequency of cystic fibrosis in the Caucasians is approximately 1 in 2,500. It also affects other ethnic groups such as black population with an incidence of 1 in 17,000 and the native American population with an approximate incidence of 1 in 80,000. The estimated incidence of CF in Asians (Indians and Pakistanis) migrated to UK is about 1:10,000 to 1:12,000. However a Similar data for Indian population is not available. In an extensive literature search, we could find a few case reports from India (Table 1) . Cystic fibrosis was thought to be extremely rare in India. However, Published reports indicate that CF is probably far more common in people of Indian origin than previously thought but is under diagnosed or missed in majority of cases.
At PGIMER Chandigarh 100 cases of classical CF were diagnosed by us according to clinical criteria sweat testing and molecular diagnosis over the last 7 years out of which 50 were adult CF infertile males [12] . The incidence in migrant Indian population in USA has been estimated to be 1 in 40,000 [4] and in the UK between 1 in 10,000 to 12,000 [13] . The median age of diagnosis among Indian American is 12 months compared with 6 months among Caucasians American children. Kabra et al. suggested that genetic and clinical profile on Indian children with CF may be different [14] . Kapoor et al. reported a carrier rate as 0.4% on 955 cord samples and estimated its incidence to be 1 in 40,000 [15] .
Classical CF characterized by progressive lung disease, pancreatic dysfunction, elevated sweat chloride electrolyte, meconiumileus and male infertility [16] . However a wide variability in clinical expression is found among patients. Upto 20% of affected infant are born intestinal obstruction. Other patients are diagnosed with various mode of presentation from birth to adulthood and with considerable variability in the severity and rate of disease progression. Notwithstanding progressive lung disease is the most common cause mortality in CF. There is a great variability in the age of onset and severity of lung disease in different age groups.
Our data on Clinical profile in Indian patients of classical CF shows that 94% had history of failure to thrive, 82% malabsorption, 90% chronic cough and 74% had recurrent or persistent pneumonia at the time of presentation, both respiratory and digestive symptoms were 60% more common as compared to either respiratory 30% or digestive symptoms 10% (Fig. 1) . Congenital bilateral absence of vas deferens (CBAVD) occurs in 1-2% of infertile but otherwise healthy men [17] . CBAVD is present in more than 95% of cystic fibrosis (CF) males. Different studies have shown a high frequency of cystic fibrosis transmembrane conductance regulator (CFTR) gene mutations in CBAVD patients [18] [19] [20] [21] . In intron 8 of the CFTR gene, the T5 allele, in contrast with the other two alleles, T7 and T9, leads to a high proportion of mRNA transcripts lacking exon 9. Consequently, the T5 variant produces abnormally low levels of CFTR protein. The T5 variant is the most frequent mutation associated with the CBAVD phenotype [22] . Low frequencies of CFTR mutations have been detected in patients with unilateral absence of vas deferens (CUAVD) [23] . Between 11 and 26% of patients with congenital absence of vas deferens (CAVD) have renal agenesis in association with it and initial negative results in the analysis of CFTR mutations in these patients suggested that urogenital anomalies have a different etiology to isolated CAVD [24] . Little is known about the spectrum and frequency of CFTR gene mutations in India. Our recent study as well as few other investigations have provided evidence for an extensive allelic heterogeneity in Indian patients with classic CF [25] [26] [27] . Congenital absence of vas deferens, as a distinct clinical entity with regard to CFTR mutations, has never been investigated in our population. We recently investigated the family history of infertility among CF subjects and characterized mutations in infertile members [12] . 
Structure of CFTR
The CFTR is a unique member of the ABC transporter family that forms a novel Chloride channel. After identification of the primary amino acid sequence of CFTR, Riordan et al. proposed a structure ( Fig. 1 ) composed of two motifs, each containing a membrane spanning domain (MSD) that is composed of six transmembrane segments and a nucleotide binding domain (NBD) that contains sequence predicted to interact with ATP [28, 29] . In CFTR, the two MSD-NBD motifs are linked by a unique domain called the R (regulatory domain) that contains multiple consequence phosphorylation sites and many charged amino acids. The carboxyl terminal (consisting of threonine, arginine, and leucine (TRL) of CFTR is anchored through a PDZ-type-binding interaction with the cytoskeleton and is kept in close approximation (Fig. 2) to a number of important proteins [30] . Spectrum of CFTR Mutation CF causing mutations have existed for more than 50,000 years [31] . To date more than 1,300 different alleles have been reported as proven or putative disease causing mutations to the Cystic Fibrosis Genetic Analysis Consortium (CFGAC). http://www.genet.sickkids.on.ca/cftr/.Worldwide there are 24 relatively common mutations identified in more than 50 chromosomes. The most common mutant allele is the delta F508 mutation which is a three-nucleotide deletion of a phenylalanine residue [32] . It is responsible for approximately two thirds (66%) of all CF chromosomes; however there is a great mutational heterogeneity in the remaining one-third of all alleles depending on populations and geographical locations [33] .
Frequency of Delta F508 Mutation in Indian CF Population
The most common mutation in CF is the deletion of a phenylalanine residue at position 508 (delF508) in NBD1, accounting for about 66% of all CF alleles worldwide (CFGAC, http://www.genet.sickkids.on.ca/cftr/). However, it is not the predominant mutation in Asian CF patients [34] . While the delta F508 mutation is very common in number of different populations, its relative frequency varies for example between the north to south of Europe (delta F508 accounts for 90% of CF chromosomes in Denmark, and 30% in Turkey (Cystic Fibrosis Genetic Analysis Consortium, 1994). Schwarz et al. reported six affected Pakistani children, of whom three were homozygous for the delta F508 mutation [35] . By Kabra et al. [14, 36, 37] , CF patients in India have been little studied. In the present investigation, we document that delta F508 mutation represents only 24% of the analyzed CF alleles. Comparison of delta F508 allele frequency with that reported from the Western countries shows that the Indian group has low percentage of the delta F508 frequency. A review of all genotyped South Asian patients, shows that delta F508 was identified in 19-44% of CF alleles [4, 14, 35, 36, [38] [39] [40] [41] , considerably lower than the reported frequency of 66% in the worldwide CF population. The frequency of delta F508 mutation in Indian children is reported to be between 19 and 44% [14, 36, 37] . In a report of 120 Indian children with CF [36] , the delta F508 mutation was identified in 45 chromosomes (19%) out of the 240 tested, 19 patients (16%) were homozygous and 7 (6%) were heterozygous for the mutation. The frequency of delta F508 mutation was higher in patients whose parental origins were from Pakistan. Out of 23 patients whose origin was traced to Pakistan, 13 (56%) were positive for the delta F508 mutation. The figure for patients originating from other parts of India was 13 (13%) out of 97% patients. The spectrum of mutations other than delta F508 in Indian patients is highly variable and some rare and new mutations have been observed [25, 36] .
In our study it is documented delta F508 as the most common CFTR gene mutation in Indian population [12, 25] . This observation supports the hypothesis that immigration patterns between US, Europe and the Indian subcontinent are contributing to the evolution of CF in the Indian subcontinent.
Spectrum of Non-Delta F508 CFTR Mutations in Indian CF Population
The striking characteristic of CF alleles in Indian population was the lack of common CF mutations in comparison with other Mediterranean and European population [31] . Apart from delta F508 mutation, twenty one other mutations were identified of which 13 were already known and 8 new mutations were characterized ( Table 2 ). 25 mutation panel were detected in our population at a combined frequency of (10%). The other seven known but rare mutations (1161delC, Y517C, V520F, S549N, Y1381H, L218X and 1525-1G-A) were identified at a combined frequency of (17%), and eight new mutations (3986delC, 1792InsA, L69H, S158N, Q493L, I530L, E1329Q and 876-8del4) identified in our CF population represented (15%) of the total CF alleles analyzed. Substitution mutation, S549N and splice site mutation, 1525-1G-A were the two most common mutations identified with a frequency of (4%) followed by another splice site mutation 3849?10kbC-T (3%). However, we failed to identify CFTR gene mutations in 34% of the CF alleles in our study. In contrast, Kabra et al. characterized ten mutations on 46% of the chromosomes by screening 16 of 27 CFTR exons. Less number exons screened is probably the reason for non-conformity [36] . Shastri and Kabra reported 1161delC, 3849?10kbC-T and S549 N as other most common mutations in Indian population [26] . It is in accordance with our study. G542X, second most common mutation (5%) in Hispanic Caucasians [42] , was not found in our population. W1282X and 621?1G-T, that occur with a frequency greater than 1% in Non-Hispanic Caucasians [42] were also not detected.
It reinforces our hypothesis that spectrum of mutations in India is different. Thus, it is emphasized that mutations specific for Indian population should be included in the panel for the genetic diagnosis of CF.
CFTR Dysfunction and Male Infertility Due to Obstructive Azoospermia
CF and obstructive azoospermia causing male infertility due to bilateral/unilateral absence of vas deferens/absence of seminal vesicles are such different phenotypes that they appear to be distinct clinical entities. CF is a life threatening disorder that is usually diagnosed by pediatricians during the first few years of life because of gastrointestinal and pulmonary manifestations and failure to thrive. Obstructive azoospermia is diagnosed by urologists in adult males presenting with infertility; some of these patients have additional renal malformations, which is not a symptom of CF. However, despite of these differences, there exists a genetic commonality for both diseases in the majority of patients. Infertility in males, which is generally accepted as an almost inevitable component of cystic fibrosis (CF), results from congenital absence of vas deferens in about 95% of male patients [43, 44] . However, CBAVD may also occur in the absence of cystic fibrosis [24] . The question of whether obstructive azoospermia and cystic fibrosis are the ''extreme'' of one disease because such patients can be offered opportunity to have children. From this point of view, we searched for mutations in CFTR gene of obstructive azoospermia cases and their female partners.
In total, among 50 cases of genital CF (obstructive azoospermia) were studied by Prasad and coworkers, number of CBAVD and CUAD were 40 and 10 subjects respectively [25] . CFTR gene mutations were identified in 48 subjects. The mechanism by which the vas deferens is affected in cystic fibrosis is that the embryonic vas deferens needs an environment with electrolytes and fluid balance for potency. This balance is usually regulated by the CFTR present on vassal epithelial cells. However, in cystic fibrosis the function of this protein is defective and this balance is not attained, resulting in obliteration of vas deferens [45] . The seminal vesicles, body of epididymis are also affected but the testicular efferent ducts tend to be spared and some may be dilated [46] .
A total of 12 mutations were identified on 48 of 100 alleles, as listed in Table 3 . Two mutations were found to be very common: first, the IVS8-T5 allele was observed on 25 chromosomes; thus confirming the association of this splice site variant with CAVD in Indian patients, second the F508del mutation was detected in 11 chromosomes. In the CAVD patients with normal renal development, the initial screening identified one extra, R117H mutation in three chromosomes. SSCP analysis performed in patients with only one or no mutation revealed nine further mutations on one allele each including seven new sequence alterations: L69H, F87I, G126S, F157C, E543A, Y852F and D1270E (Table 3) . Other identified mutations R117H, 3120?1[G-A and P1021S have been described previously in studies of patients with CAVD. None of the other screened mutations were identified in our population. We documented NBD1 and NBD2 as the hotspot identified in the CFTR protein in Indian CF population, whereas the regions known to alter chloride permeability (transmembrane regions) and delta F508 mutation in NBD1 are the hot spot for mutation identification in our genital form of CF cases (obstructive azoospermia).
Conclusion
CF was thought to be extremely rare in India. However a review of all the reports from Indian subcontinent suggests that CF is probably far more common in people of India/ Indian origin than previously thought but is under diagnosed or missed in the majority of cases. Our demographic and mutation data together indicate that 6% of patients were born to consanguineous couples. Therefore, carrier frequency is expected to be high among Indian. The carrier frequency of delta f508 in the Indian population was calculated to be 1 in 238 [14] .
High genetic heterogeneity in our population accompanies a much higher carrier frequency than expected. The precise incidence of CF among Indians is unknown. As a result of the widespread belief that CF does not occur in Indians, the disease is rarely suspected and even if it is suspected the diagnosis is not confirmed due to the poor availability of facilities for diagnosis. The proper availability of mutation analysis, searching for mutations appropriate for the population or whole gene sequencing may help in better characterization of CFTR gene mutation in Indian population.
